PURPOSE. We describe changes in choroidal thickness from age 11 to 16 years and its association with ocular biometrics and body development.
C
horoidal thickness is associated with the eye's axial length [1] [2] [3] and refractive status 3, 4 so that long and myopic eyes have thin choroids. Also, choroidal thickness is abnormal in conditions, such as glaucoma, 5 diabetic retinopathy, 6 amblyopia, 7 and central serous chorioretinopathy. 8 Thus, it is involved in several visual disorders, but sparse information exists on the normal changes in choroidal thickness through life. Only within the most recent decade has means of in vivo quantification of choroidal thickness been available 9 and most of the current data are limited to cross-sectional studies. Some of them indicate that choroidal thickness decreases during adult life. 4, [10] [11] [12] [13] In children and adolescents, cross-sectional studies suggest an increase in thickness with age in European and Australian cohorts, [14] [15] [16] whereas a decrease has been noted in Asian child cohorts. 1, [17] [18] [19] [20] Given this complexity, it is obvious that prospective studies are particularly valuable. [21] [22] [23] Previous longitudinal studies have been relatively small and mainly investigated populations with high myopia rates. 21, 22 We describe changes in choroidal thickness from the age of 11 to 16 years in a prospective cohort study, and its association with baseline parameters and various aspect of ocular and systemic development during the observation period.
METHODS Participants
The analysis includes participants from the Copenhagen Child Cohort 2000 (CCC2000) Eye Study 24, 25 that is an addition to the CCC2000 study; a prospective, population-based, observational birth cohort study of 6090 children born in the year 2000 in 16 municipalities of Copenhagen County, Denmark. 26 The cohort has been found representative of all children born in Denmark that year regarding key perinatal characteristics. 27 All eligible children from the original cohort were invited to the examinations in 2011-2012 and in 2016-2017. Eye examinations in 2011-2012 included 1406 participants. 25 Compared to the initial 6090 children, the children participating in the 2011-2012 examination included more girls, and more children born at term, living with both parents at birth, and having more well-educated parents with higher annual household income. 28 In 2016-2017, 1445 subjects participated in the eye examination, including 741 participants who both attended the 2011-2012 and 2016-2017 examination. The follow-up rate was 412 of 733 (56%) for girls and 329 of 673 (49%) for boys. There was no significant difference between children who attended both visits and those who attended only the 2011-2012 examination in body height, axial length, choroidal thickness, or regarding key perinatal characteristics (P > 0.3, Student's t-test). Medical history was obtained from the participants, their parents, or legal guardians.
We excluded participants with a best corrected visual acuity (BCVA) <80 Early Treatment of Diabetic Retinopathy Study (ETDRS) letters at age 16 (n ¼ 8). Additionally, 46 participants with missing data from one or more of the following parameters were excluded: optical coherence tomography (OCT) scans (n ¼ 4), axial length (n ¼ 3), corneal curvature (n ¼ 29), and refractive data (n ¼ 15). A total of 687 participants were included in the analysis.
Procedures
We measured BCVA using ETDRS charts (4-meter original series; Precision-Vision, La Salle, IL, USA). Subjective refraction was guided by noncycloplegic autorefraction (in 2011, Retinomax K-plus; Right MFG Co., Ltd., Tokyo, Japan; in 2016, Nidek AR-660A; NIDEK CO., LTD., Gamagori, Japan). Using the correction found by the autorefractor, the children read as many letters on an ETDRS chart as possible. Hereafter, positive lens power (þ0.5 diopters [D]) was added until significant blur occurred, followed by reduction in steps of À0.25 D until optimal acuity was achieved.
The choroid was imaged using enhanced depth imaging spectral domain OCT (EDI-SD-OCT; Spectralis HRAþOCT; Heidelberg Engineering, Heidelberg, Germany). The scanning protocol included a horizontal raster with seven scan lines within a 58 3 308 rectangle and a 308 four-line radial scan. The built-in eye tracking feature was used, and scans were obtained in the high-resolution mode and centered on the fovea. Each scan line consisted of the average of 25 B-scans. The eye examination was performed immediately after a 1-hour interview of the child or adolescent by a psychiatrist. Thus, the participants were physically inactive for at least 1 hour in advance of the OCT scan. We used the participants' refractive status and corneal curvature as scaling factors to adjust for transverse magnification. The scaling factors were entered in the OCT apparatus before the scans were obtained. As a 308 four-line radial scan was not performed in all participants at the baseline visit in 2011-2012, we only used horizontal scan lines in the evaluation of choroidal thickness. We selected the horizontal scan line from either the horizontal raster or the radial scan with the deepest foveal depression and the presence of a pronounced foveal center specular reflex for measurement of subfoveal choroidal thickness (Fig. 1) . The follow-up function from the manufacturer's software (Heidelberg Eye Explorer, version 1.6.1.0; Heidelberg Engineering) was used when performing the examinations in 2016-2017 to ensure that the follow-up scans were from the same location as the baseline scans. The same software was used to measure choroidal thickness by manually moving the segmentation line that is automatically set at the inner limiting membrane to the choroidoscleral border. Choroidal thickness was measured at three locations: subfoveal, 1 mm temporal of the foveal center, and 3 mm temporal of the foveal center (Fig. 1) .
All scans from 2011-2012 were evaluated by one grader (XQL) and all scans from 2016-2017 by another (MHH). The 2011-2012 intragrader variability was 1.8 6 7.9, range À17 to 14 lm (P ¼ 0.22). 24 The 2016-2017 intragrader variability was tested by MHH in 30 random participants showing a mean difference of 1.2 lm, P ¼ 0.23, with 95% limits of agreements (61.96 3 SD) À9 to 12 lm. Intergrader variability between XQL and MHH was tested by regrading 30 random participants from the 2011-2012 examination showing a mean difference of 0.3 lm, P ¼ 0.90 with 95% limits of agreement being À23 to 23 lm.
Axial length and corneal curvature were measured using a partial coherence interferometry device (IOL-Master, version 3.01.0294; Carl Zeiss Meditec, La Jolla, CA, USA).
Participants' body height and weight were measured using a wall-mounted altimeter (Height Measuring Rod, Soehnle Professional GmbH & Co., Backnang, Germany) and an electronic scale (2011 examination, ''Exact/personal scale 6295''; OBH Nordica Denmark A/S, Taastrup, Denmark; 2016 examination, TBF 300A; Tanita Europe BV, Amsterdam, The Netherlands), respectively. Body height measurements were missing in three boys and four girls in 2011 and in one boy in 2016. Body weight measurements were missing in four boys and two girls in 2011 and in 1 girl in 2016. Puberty stage was self-evaluated by participants in 2011 using illustrations of Tanner stages 1 through 4 developments of pubic hair, genitals, and breasts, with stage 1 being prepubertal and stage 4 late puberty. Data of Tanner stages were missing in nine boys and five girls.
Signed informed consent was obtained from all parents or legal guardians in the 11-to 12-year examination. In the 16-to 17-year examination, only the participants signed the consent after the participants and their parents or legal guardians had received written information regarding the examinations. Outlines of Bruch's membrane (BM) and the sclerochoroidal border (ILM) as traced manually using software functions available for the OCT system used in our study. Choroidal thickness was measured at three locations: under the foveal center, and 1 and 3 mm temporal thereof.
(protocol number 16023242) with the verdict that approval was not required. The study adhered to the tenets of the Declaration of Helsinki.
Statistics
Normally distributed data were reported as mean 6 SD and Student's t-test was used when comparing boys with girls. Nonnormally distributed data were reported as median 6 interquartile range (IQR) and the Wilcoxon Rank Sum was used when comparing the sexes. Baseline parameters' effect on the 5-year change in choroidal thickness from baseline to follow-up and the association between the change in choroidal thickness and the 5-year change in spherical equivalent refraction, axial length, body height, and body mass index (BMI) were analyzed using general linear models stratified for sex and adjusted for age at baseline and time of day OCT scans were performed at baseline and follow-up.
Participants with missing body height (n ¼ 8), weight (n ¼ 7), and Tanner stage (n ¼ 14) measurements were only excluded from the analyses that included the respective parameters.
Main analyses were performed using subfoveal choroidal thickness. Potential differences between the three choroidal locations (subfoveal, 1 mm temporal, and 3 mm temporal) in the associations between the 5-year change in choroidal thickness, and the exposure variables were analyzed as the interaction between choroidal location and the variables in mixed models with choroidal location as a repeated effect and using the unstructured covariance structure.
Spherical equivalent refraction was calculated by adding half the cylindrical refraction to the subjective refraction, BMI by dividing the weight in kilograms with the squared height in meters, and corneal curvature as the average between the steepest and flattest corneal meridian. The 5-year change in choroidal thickness, axial length, spherical equivalent refraction, corneal curvature, body height, body weight, and BMI from age 11 to 16 years was calculated as the difference between the two measurements divided by the follow-up time and multiplied by five.
The intergrader (between MHH and XQL) and intragrader (MHH) variability in the grading of subfoveal choroidal thickness was analyzed using Bland-Altman plots and paired Student's t-tests.
The level of statistical significance was set to P < 0.05. We used the SAS Enterprise Guide statistical software package (version 7.2; SAS Institute, Cary, NC, USA) for all statistical analyses.
RESULTS
The analyses included 687 participants (304 boys / 383 girls) with a median (IQR) age of 11.5 (0.6) years at baseline, 16.6 (0.3) years at follow-up (Table 1) The mean (SD) 5-year change in choroidal thickness was a 33 (44), 27 (42), and 11 (35) lm increase under the foveal center, and at 1 and 3 mm temporal of the foveal center, respectively (Fig. 1) . The increase was significantly higher in boys than in girls under the fovea (P ¼ 0.015) and at 3 mm (P < 0.0001) but not at 1 mm temporal of the foveal center (P ¼ 0.10; Table 1 ).
Five-Year Change in Choroidal Thickness in Relation to Baseline Parameters
Longer eyes at baseline increased less in subfoveal choroidal thickness over the 5 years in girls, with a subfoveal choroidal thickness increase of 8.6 (95% CI, À15 to À2.7, P ¼ 0.0043) lm less for each mm longer baseline axial length (Table 2 ). This effect remained significant when adjusting for baseline subfoveal choroidal thickness and baseline spherical equivalent refraction (P ¼ 0.025; data not tabulated). We found no significant effect of baseline axial length in boys (P ¼ 0.052).
Subfoveal choroidal thickness increased 6.2 lm (95% CI, 0.4-12, P ¼ 0.036) more per 100 lm thicker baseline choroid in girls (Table 2) , whereas no such association with baseline choroidal thickness was found in boys (P ¼ 1.00). The association in girls was not significant when adjusted for baseline axial length (P ¼ 0.21; data not tabulated).
The subfoveal choroid of girls increased 5.6 (95% CI, 0.5-11, P ¼ 0.033) lm more in thickness for each diopter more positive refractive power at baseline ( Table 2 ). The association was not significant after adjusting for baseline axial length (P ¼ 0.37; data not tabulated). We found no association between changes in subfoveal choroidal thickness and baseline spherical equivalent refraction in boys (P ¼ 0.60; Table 2 ).
Subfoveal choroidal thickness increased 39 (95% CI, À72 to À5.9, P ¼ 0.021) lm less among girls in Tanner stage 4 at baseline compared to girls in Tanner stage 1 ( Table 2 ). Baseline pubertal stage had no effect on the 5-year change in choroidal thickness in boys (Table 2) .
We found no effect of baseline body height or BMI on the subsequent 5-year change in subfoveal choroidal thickness among boys or girls ( Table 2) .
The effect of the baseline parameters on choroidal thickness changes did not differ among the three choroidal locations. All P values for interaction between choroidal location and the respective parameters were >0.09 (data not tabulated).
Associations Between Five-Year Changes in Choroidal Thickness and Five-Year Changes in Axial Length, Spherical Equivalent Refraction, Body Height, and BMI
The median (IQR) 5-year increase in axial length was 0.25 (0.22) mm and higher among girls than boys (P ¼ 0.046; Table  1 ). Higher 5-year axial elongation was associated with less thickening of the subfoveal choroid in the eyes of boys and girls (Table 3 ; Fig. 2) . Thus, the subfoveal choroid increased 85 (95% CI, À104 to À66, P < 0.0001) lm less in thickness for each 1 mm increase in axial length in boys' eyes and 105 (95% CI, À121 to À89, P < 0.0001) lm less per mm increase in girls' eyes. In girls, the choroidal thickness change per mm axial length increase was greater at the subfoveal location compared to 1 and 3 mm temporally (P < 0.01; Fig 2) . In boys, the effect was greater at the subfoveal location compared to 3 mm temporally (P < 0.0001), but not compared to 1 mm temporally (P ¼ 0.21; Fig. 2 ).
The median (IQR) spherical equivalent refractive error became 0.25 (0.8) D more myopic, with no differences between sexes (P ¼ 0.14, Table 1 ). The subfoveal choroid increased 11 (95% CI, 4.0-18, P ¼ 0.0022) lm and 22 (95% CI, 16-27, P < 0.0001) lm more in thickness for each diopter more hyperopic shift in refraction in boys and girls, respectively (Table 3 ). This effect was more pronounced subfoveally compared to 3 mm temporally (P ¼ 0.015 in boys and P < 0.0001 in girls). There was no difference between the effect subfoveally and 1 mm temporally in boys or girls (P > 0.05; data not tabulated).
Choroidal Multivariable analyses stratified by sex and adjusted for age at baseline and time of day OCT scans were performed at baseline and follow-up. The mean (SD) 5-year growth in body height was 21 (8) cm, with boys adding 13 (95% CI, 12-14, P < 0.0001) cm more than girls (Table 1 ). In girls, the 5-year increase in subfoveal choroidal thickness was 0.9 (95% CI, 0.1-1.7, P ¼ 0.026; Table  3 ) lm greater for each additional centimeter they added in body height. No association was found between the subfoveal choroidal thickness change and growth in body height among boys (P ¼ 0.21; Table 3 ). We found no locational differences in the association between choroidal thickness changes and body height growth (P ¼ 0.95 in boys, P ¼ 0.65 in girls; data not tabulated).
The 5-year change in subfoveal choroidal thickness was not associated with the 5-year increase in BMI (P ¼ 0.69 in boys, P ¼ 0.69 in girls) and the association did not differ among the three choroidal locations (P ¼ 0.062 in boys, P ¼ 0.73 in girls).
DISCUSSION
We examined the change in choroidal thickness from age 11 to 16 years in 687 participants from a Danish birth cohort. Relative to baseline thickness, the choroid increased by 9% under the foveal center, and 8% at 1 mm and 3% at 3 mm temporal thereof. Choroidal thickness increased more in boys than in girls. In girls, choroidal thickness changes were associated with baseline pubertal stage, axial length, and growth in body height. These parameters had no association with choroidal thickness changes in boys. Choroidal thickness changes also were associated with axial length elongation and changes in refractive power in both sexes. Thus, choroidal thickness increased less, and in some eyes thinned, in long eyes that underwent more axial elongation, and in eyes that became relatively more myopic.
We found regional differences in the changes in choroidal thickness. The choroid increased more under the foveal center and less with increasing distance in the temporal direction, away from the fovea. Likewise, choroidal thinning, when it happened, was more likely to do so temporal of rather than under the fovea. This confirms a tendency observed in a study performed by Read et al., 21 who followed 41 myopic and 60 nonmyopic Australian children aged 10 to 15 years over an 18-month period. They found less choroidal thickness increase in parafoveal zones, especially the temporal zones, compared to the central fovea and inner macula, but without statistical power to fully support that finding. Consequently, regional differences in choroidal thickness seem to emerge, or increase, with maturation of the eye.
The finding of a choroidal thickness increase from age 11 to 16 years corresponds to cross-sectional observations from white European and Australian children, [14] [15] [16] and the magnitude of subfoveal choroidal thickness increase in our study was similar that of Read et al. 21 We also confirmed a reduced increase in choroidal thickness-in some cases choroidal thinning-in eyes that added more axial length. 21, 23 While Asian studies in general report a mean decrease in choroidal thickness with increasing age in children, 1, [17] [18] [19] [20] 23 a recent cross-sectional study of 3001 Chinese children aged 6 to 19 years only found choroidal thinning in myopic eyes, whereas the choroid increased in thickness in nonmyopic eyes. 20 Additionally, a 1-year follow-up study of 118 Chinese children aged 7 to 12 years found choroidal thinning in eyes with a myopic shift in refraction, but not in eyes without such shift. 22 Consequently, the choroid appears to thicken in normallydeveloping young eyes and thin in eyes that have myopia. Our finding of a decreased thickening of the choroid in eyes that had a negative refractive development supports this association. Therefore, the differences between European and Asian children could be caused by the higher prevalence of myopia in Asian populations. Multivariable analyses stratified by sex and adjusted for age at baseline and time of day OCT scans were performed at baseline and follow-up.
FIGURE 2. Association between 5-year change in choroidal thickness and axial length stratified by sex and divided by choroidal location.
We have previously shown that, at age 11 years, the subfoveal choroid was thicker in taller girls and in girls at Tanner stage 4 compared to girls in Tanner stage 1. 25 The present study showed that choroidal thickness grew less in girls who had reached Tanner stage 4 at age 11 years compared to those who were still at Tanner stage 1. Additionally, we observed greater choroidal thickening in girls who added more in body height. These findings suggest that the development of the choroid follows the general development of the body-especially the pubertal growth spurt. It supports the notion of a general increase in choroidal thickness during childhood and adolescence in normal developing eyes. The lack of association with body growth among boys is likely explained by most boys being prepubertal or in early puberty when aged 11 years. Thus, most boys entered pubertal growth spurt within the study period, making it difficult to detect possible differences in growth. The greater increase in choroidal thickness among boys could be explained by this delayed development, as there was no difference in choroidal thickness between sexes at age 16 years.
Future studies with objective measurements of pubertal development and more frequent follow-up examinations of both body height, pubertal stage, and choroidal thickness are needed to confirm these associations.
A major strength of our study is its design as a longitudinal observational study of a large and well-described populationbased cohort. To our knowledge, it is the largest longitudinal study evaluating choroidal thickness changes in adolescence and the first study to describe the association with body development. Subjective refraction with fogging instead of with cycloplegia is a limitation, as on average it will underestimate hyperopia and overestimate myopia. [29] [30] [31] [32] The follow-up rate was limited to 52% of participants from the baseline examination participating in the follow-up study.
CONCLUSIONS
In our study cohort, the choroid increased in thickness from age 11 to 16 years. In girls this increase was associated with general body development. The choroid increased less in eyes that grew more in axial length and had a relatively myopic refractive development and actually thinned in the eyes that elongated the most. These results showed that in healthy subjects the choroid grows during adolescence in concert with general body development and that the maturation of general body development and growth arrest at the end of puberty is accompanied by a retardation or cessation of choroidal growth. Thinning of the choroid is linked to the most pronounced cases of myopic refractive development and axial elongation.
